ABSTRACT: A promising strategy for the prevention of Alzheimer's disease (AD) is the identification of agerelated changes that place the brain at risk for the disease. Additionally, AD is associated with chronic dehydration, and one of the significant changes that are known to result in metabolic dysfunction is an increase in the endogenous formaldehyde (FA) level. Here, we demonstrate that the levels of uric formaldehyde in AD patients were markedly increased compared with normal controls. The brain formaldehyde levels of wild-type C57 BL/6 mice increased with age, and these increases were followed by decreases in their drinking frequency and water intake. The serum arginine vasopressin (AVP) concentrations were also maintained at a high level in the 10-month-old mice. An intravenous injection of AVP into the tail induced decreases in the drinking frequency and water intake in the mice, and these decreases were associated with increases in brain formaldehyde levels. An ELISA assay revealed that the AVP injection increased both the protein level and the enzymatic activity of semicarbazide-sensitive amine oxidase (SSAO), which is an enzyme that produces formaldehyde. In contrast, the intraperitoneal injection of formaldehyde increased the serum AVP level by increasing the angiotensin II (ANG II) level, and this change was associated with a marked decrease in water intake behavior. These data suggest that the interaction between formaldehyde and AVP affects the water intake behaviors of mice. Furthermore, the highest concentration of formaldehyde in vivo was observed in the morning. Regular water intake is conducive to eliminating endogenous formaldehyde from the human body, particularly when water is consumed in the morning. Establishing good water intake habits not only effectively eliminates excess formaldehyde and other metabolic products but is also expected to yield valuable approaches to reducing the risk of AD prior to the onset of the disease.
dehydration, which may be one of the preventable risk factors for Alzheimer's disease [4] . Chronic dehydration is regarded as a common symptom of patients with agerelated cognitive impairment, particularly those with AD [5, 6] . Alzheimer's disease is characterized by a tendency to exhibit malnutrition, which is present even in the mildmoderate stages, and a tendency to exhibit dehydration that appears in the severe stage [7] . Hyperosmotic stress induces apoptosis and Tau phosphorylation in human neuroblastoma cells [8, 9, 10] . Greater weight loss is associated with increased disease severity and mortality [11] . However, the inducers that are involved in chronic dehydration require further attention. Recently, formaldehyde (FA), which is present in all human cells including neural cells, was found to affect age-related cognitive impairment [12, 13, 14] . The levels of uric FA are positively related to the severity of cognitive impairment in clinical AD patients [15] . Intravenous injections of FA into the tail lead to Tau hyperphosphorylation in wild-type mouse brains through the activation of glycogen synthase kinase-3β (GSK-3β) [16] . The oral administration of methanol (the metabolic precursor of FA) triggers the formation of senile plaques (SPs) and Tau hyperphosphorylation in the brains of monkeys and is accompanied by a decrease in working memory [17, 18] . Formaldehyde-induced Tau aggregation has been implicated in neuronal cytotoxicity and neural cell apoptosis [19, 20] . Furthermore, FA also affects the emotional behaviors of animals, including depression and anxiety [21, 22] . Although the relationship between FA and brain dysfunction has been intensively studied [23, 24] , the effects of formaldehyde on water intake behavior and dehydration have not been investigated to date.
Arginine vasopressin (AVP) is known to be involved in the water intake behaviors of animals [25, 26, 27] . AVP and aldosterone (ALD) are secreted by the neurohypophysis in response to increased angiotensin II (ANG II) levels [28] and blood osmolality [29, 30, 31] . AVP increases peripheral vascular resistance and exerts antidiuretic effects that promote water reabsorption in the collecting ducts of the kidney [32, 33, 34] . Due to their low serum AVP levels, mice with a familial ALSassociated SOD1 mutation exhibit significantly increased water intake compared with wild-type mice [35] . The endogenous formaldehyde concentration is known to increase with aging [15] . However, whether formaldehyde's effects on serum AVP levels are associated with water intake behavior remains unknown.
This paper is concerned with the relationship between increased endogenous formaldehyde levels and water intake behaviors with aging. We show that both the endogenous formaldehyde and serum AVP levels increase with aging. The increased formaldehyde levels promote AVP expression by activating ANG II. AVP administration increases the endogenous formaldehyde levels by activating semicarbazide-sensitive amine oxidase (SSAO). The pathways create a vicious cycle that affects water intake behavior and results in decreased drinking frequency and water intake.
MATERIALS AND METHODS

Animals and rearing environment
C57 BL/6 mice (male, 3-, 6-and 10-months old) were provided and maintained by the Animal Experiment Center of the Institute of Biophysics (IBP) of the Chinese Academy of Sciences (CAS). Three mice were reared in each "shoebox" cage. The temperature and humidity in the experimental room were maintained at 222 C and 40%-60%, respectively. All of the experiments were performed after the animals had been acclimated to the room for 7 days. The animals' body weights were measured before the experiments. All animal experiments were approved by the Animal Care and Use Committee at the IBP of the CAS (Authorization No.: SYXK2013-77).
Animal water intake tests
The drinking behaviors of the mice were recorded with infrared CCD cameras affixed to the ceiling as previously described [36] . Before the test, the animals were allowed to acclimate to the test environment for 2 h. Drinking attempts were recorded as each occasion that the animal licked the bottle tip for more than two seconds. The drinking frequencies and water intake attempts were determined in counts per hour over three continuous days. In the AVP-injected group, the drinking frequencies and water intake attempts were determined in counts per hour from 8:00 p.m. (the first day) to 8:00 p.m. (the second day). No animals were injured or died during the experiment. Additionally, the volumes of water consumed were determined by measuring the volumes in the cylinders over three continuous days.
Assays of the AVP and ANG II levels in the serum and SSAO levels in the mouse brain
The mice were sacrificed, and blood samples were collected by eyeball enucleation as described by Wu and colleagues [37] . The serum samples were collected by centrifugation (4,000 r/min, 25 °C, 15 min, TDZ5-WS, Xianyi, Hunan, China). The serum osmotic pressure was determined using an osmometer (OM806, LOSER, Germany). Next, the samples were stored at -80C until they were assayed. The serum ANG II, AVP, and SSAO levels and activities were detected with ELISA kits (TSZ, Shanghai, China) according to the manufacturer's instructions. Note that the brain tissues were freshly and quickly dissected to measure the SSAO concentrations and activities.
Assay of the mouse brain formaldehyde levels by UV-HPLC
The brain (0.1 g) was homogenized in 0.5 ml of SDN lysis buffer immediately after the mouse was sacrificed. Next, 0.5 ml of 10% trichloroacetic acid (analytical purity, Xilong Chemical Co., Ltd., USA) was added prior to centrifugation (12,000 rpm, 4°C, 30 min). The supernatants (0.4 ml) were pipetted into 1.5-ml Eppendorf tubes and mixed with 0.5 ml acetonitrile (HPLC-grade purity, Fisher Scientific, USA) and 0.1 ml 2,4-dinitrophenylhydrazine (DNPH, analytic purity, Beijing Chemical Reagent Research Institute, China). Next, the samples were centrifuged (12,000 rpm, 4°C, 10 min), incubated in a 60C water bath for 30 min, and centrifuged again (12,000 rpm, 4°C, 10 min). The formaldehyde levels were determined with HPLC as described by Su and coworkers [38] .
Intraperitoneal injection of formaldehyde and water intake recordings in the mice
As previously described [39] , 3-month-old mice were intraperitoneally injected with formaldehyde (0.5 mg/kg, once daily) for 7 days. Then, their drinking frequencies (counts/hour) and water intake quantities (ml/hour) were continuously recorded with an infrared CCD camera for 3 days. Subsequently, their brain formaldehyde and serum ANG II and AVP levels were determined as described above. Mice that were injected with saline placebo were used as controls.
Open field test following the intraperitoneal injection of formaldehyde
After treatment with FA as described above, the mice were subjected to an open field test in an apparatus that consisted of a 40×40-cm open arena with 30-cm-high walls (Huaibeizhenghua Biological Instrument Equipment Co., Ltd., China) [37] . The entire test arena was adjusted to ensure even illumination. The mice were placed in the center of the arena, and their activities were recorded for 5 min. For the video analysis, the open field arena was divided into 16 equal squares, and the 4 center squares were defined as the central zone. The numbers of square crossings (times), grooming (times), vertical frequency (times) and the time spent in the central square (seconds) were recorded.
Intravenous injection of AVP in the tail and water intake behavior recordings in the mice
Three-month-old mice were subjected to intravenous injections of AVP (0.2 ng/kg) through the tail as previously described [40] . After the injection, the drinking frequencies and quantities of water consumed by the mice in each group were recorded at different times (0 h, 0.5 h, 1 h, 2 h, 4 h, 12 h, and 24 h), and the serum AVP and brain formaldehyde concentrations and enzymatic activity of brain SSAO were subsequently measured as described above. Mice injected with the saline placebo were employed as controls.
Participants recruited for the water intake trial with normal young people
This human trial was approved by the Ethics Committee at IBP, CAS (2015-HRQ-1). The study has been registered at the Chinese Clinical Trial Registry (ChiCTR) with the unique identifier ChiCTR-IPC-15005812 (www.chictr.org.cn). Twenty volunteers (25-35 years old, 9 males and 11 females) were recruited to participate in this trial. Each volunteer provided informed consent before participating in the trial. To guarantee the quality of this trial, the candidates participated in physical examinations. Any candidate who was unhealthy was excluded before the trial began. The examinations revealed that there were no abnormal results in the volunteers' alanine transaminase (ALT), blood glucose (GLU), urea, urinary creatinine, uric acid (UA), triglyceride (TG), total cholesterol (TC), high density lipoprotein (HDL) or low density lipoprotein (LDL) levels (personal data not shown; Supplementary Table 1) . These findings demonstrated that all of the enrolled participants were in normal health and without any hepatic or renal disorders. Their body weights did not significantly change during the trial (Supplementary Table 2 ).
Food was provided by the authors. All participants ate uniform meals during each day of the trial (Supplementary Table 3 ) [41] . The participants were prohibited from eating food other than the meals provided and drinking any beverage (e.g., coffee, milk, honey, and tea) other than the water provided. The participants were instructed to go to sleep at 11:00 in the evening and arise at 7:00 in the morning. All participants performed indoor work in the laboratory during the day. When they were not working, they were not allowed to attend other activities, such as physical exercises, shopping or dating, during the trial. Anyone who violated these instructions, including staying up all night, was excluded from the trial.
Recording water intake and the uric formaldehyde levels in the normal young people
The trial was divided into the following three steps: 1) the participants drank water according to their usual water intake habits regarding both drinking frequency and water quantity, 2) water deprivation (from 8:30 in the morning after breakfast until 12:30 in the afternoon before lunch), and 3) water intake prescribed according to the Chinese DRIs Handbook provided by the China Nutrition Association [41] . For the water intake control group, averages of 500 ml of water for males and 400 ml of water for females were provided from 8:30 in the morning after breakfast until 12:30 in the afternoon before lunch. Commercial mineral water from the supermarket was provided for the participants. Each participant was required to consume all of the water, but additional water was not administered when a participant wanted to drink more.
During the trial, each participant provided urine samples according to the authors' instructions. Midstream urine (5 ml) was first sampled in the morning (7:00) before breakfast, a second urine sample was provided before lunch (12:30) , and the last sample was sampled before going to sleep at approximately 11:00 p.m. The samples were placed in a refrigerator (4C) before use. A urine sample (1 ml) was placed into a centrifuge tube and centrifuged (12,000 rpm, 4C, 30 min), and the supernatant was used to measure the formaldehyde levels with HPLC as described above. According to the methods of Wang and colleagues [42] , the urine creatinine (Urc) level was measured using a kit (Bi Yuntian, Beijing) to normalize the formaldehyde measurements. The concentrations of uric formaldehyde are presented as the [FA]/[Urc] ratios unless otherwise stated.
Participants with cognitive impairments were recruited from patient clinics
This trial was approved by the Ethics Committee at IBP, CAS (2015-HRQ-1). The study is registered at ChiCTR with the unique identifier ChiCTR-IPC-15005812 (www.chictr.org.cn). Patients with Alzheimer's disease (n = 62, 81.05 ± 6.36 years old) and normal elderly (n = 69, 67.33 ± 6.19 years old) participants were randomly recruited from the Memory Clinic of Beijing Geriatric Hospital and a nearby community, respectively, from March 2015 to April 2015. Alzheimer's disease was diagnosed according to the criteria for probable AD defined by the National Institute of Neurological Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA). The participants were considered to be cognitively normal if they scored 0 on the Clinical Dementia Rating (CDR) scale and did not complain of cognitive dysfunction. All diagnoses were determined by a team of at least 3 experienced dementia specialists from the Beijing Geriatric Hospital [43] . Participants with abnormal liver function, abnormal renal function, abnormal blood sugar levels, or other comorbid conditions were excluded from the study. The cognitive functions of all participants in both the AD and normal control groups were examined with the MMSE, and the results are presented in Supplementary Table 4A . To guarantee the reproducibility of the analytical results, the morning urine samples were collected before the participants had breakfast. The participants were asked to eat their normal diet and avoid consuming fatty and spicy foods for one week prior to sampling. The samples were stored in sealed sterile containers at −80°C at the Beijing Geriatric Hospital until they were sent to the IBP for double-blind analyses. The urine creatinine (Urc) was measured using a kit (Bi Yuntian, Beijing) to normalize the formaldehyde measurements.
Data analysis
The quantitative and categorical data were compared using analyses of variance (ANOVAs), Fisher's exact tests, and nonparametric tests. The statistical analyses were conducted with SPSS 17.0 (International Business Machines Corporation, USA).
RESULTS
Increased brain formaldehyde levels and decreased water intake with aging
To investigate the relationship between the formaldehyde levels and water intake behavior, wild-type C57 BL/6 mice were fed a regular diet and housed under pathogenfree conditions, and the brain formaldehyde concentrations were determined at different ages (3, 6 and 10 months). Simultaneously, the animals' water intake behaviors were recorded with an infrared CCD camera. The water intake quantities (ml/hour) significantly increased from 3 to 6 months (n = 6, P ＜ 0.05) and decreased at 10 months (n = 6, P＜0.01). The water intake quantity of the 10-month-old mice was less than those of both the 3-and 6-month-old mice (Fig. 1a) . The drinking frequency (counts/hour) of the 10-month-old mice was significantly decreased compared with those of both the 3-month-old (n = 6, P ＜ 0.01) and 6-month-old mice (n = 6, P ＜ 0.05; Fig. 1B ). These data demonstrated that the water intakes of the mice decreased with age.
Moreover, we observed changes in the brain formaldehyde concentrations in the mice at different ages as illustrated in Fig. 1C . The brain formaldehyde levels of the 10-month-old mice were significantly increased compared with those of the 3-month-old (n = 8, P ＜ 0.01) and 6-month-old mice (n = 8, P ＜ 0.05). Therefore, the endogenous formaldehyde concentrations increased with age. To investigate whether the decreased water intake was related to the endogenous formaldehyde levels, the mice were deprived of water for 3 days, and their brain formaldehyde levels were then measured. The results revealed that water deprivation caused a significant increase in the brain formaldehyde levels compared with the control group (Supplementary Fig. 1 ). Figure 1 . Changes in quantity and frequency of water intake as well as the brain formaldehyde and AVP concentrations in mice at different ages. C57 BL/6 mice were maintained under pathogen-free conditions (22  2C, humidity 50%) and provided a regular diet and sterile water. Their drinking behaviors were recorded with an infrared camera, followed by counting the volume (ml/h) (A) and frequency (times/h) of water intake (B) at different ages (3, 6 and 10 months, n = 6). Their brain formaldehyde (μM) (C) and blood AVP (pg/ml) (D) levels were also measured at these ages (n = 8). The data are shown as the means ± SE; *, P ＜ 0.05; **, P ＜ 0.01 Figure 2 . Changes in the water quantities, drinking frequencies, and brain formaldehyde and serum AVP concentrations in mice after the AVP injection. The conditions were the same as Figure 1 , except that the 3-month-old C57 mice (n = 8) were administered 100 l of AVP (2 ng/kg, once at the beginning) through an intravenous injection in the tail, followed by measurements of their drinking quantities (A), frequencies (B), and brain formaldehyde (C) and AVP levels (D) for 24 hours. The data are shown as the means ± SE; *, P ＜ 0.05; **, P ＜0.01; ***, P ＜ 0.001.
According to Takeuchi and colleagues [44] , AVP is involved in water intake behavior. To investigate why the mice naturally decreased their water intakes with age, we measured the serum AVP concentrations in the mice at different ages. As illustrated in Fig. 1D , the 6-month-old and 10-month-old mice exhibited higher serum AVP concentrations compared with the 3-month-old mice, but there was no significant difference (P = 0.296) between the 6-month-old and 10-month-old mice. During the experiments, the body weights of the 10-month-old mice markedly increased (P ＜ 0.05; Supplementary Fig. 2A ), but there was no significant difference in their serum osmolalities (P ＞ 0.05; Supplementary Fig. 2B ). The high levels of AVP appeared to play a role in the decreased water intake of the elderly mice.
AVP injection induces changes in water intake behavior
To demonstrate that the changes in the AVP levels were associated with water intake behavior, we intravenously injected 3-month old mice with AVP through the tail to observe whether increased AVP levels altered their water intake behavior. As illustrated in Fig. 2A , the water intake quantity within 4 hours was significantly (P ＜ 0.05) decreased for the mice who had been injected with AVP, and this decrease was associated with a decrease in drinking frequency (P ＜ 0.05), compared with the values of the control group (Fig. 2B) . Note that the AVP injection increased the mouse serum AVP concentration (Fig. 2C) . Therefore, the increased serum AVP level resulted in decreased water intake behavior in the mice in our experimental conditions.
AVP increases brain formaldehyde levels by activating SSAO
As illustrated in Fig. 2D , the AVP injection markedly elevated the brain formaldehyde levels from 4 h to 24 h (n = 8, P < 0.001). To clarify the mechanism responsible for the elevated formaldehyde levels, we detected the changes in both the level and activity of the SSAO protein. An ELISA with an anti-SSAO antibody revealed that the levels of the SSAO protein were increased in the sera (n = 8, P ＜ 0.05) 4 hours after the administration of AVP (Fig.  3A) , and this increase was followed by an increase in the SSAO activity (n = 8, P＜0.01) as measured with the ELISA kit (Fig. 3B) . Furthermore, we also detected the level (Fig. 3C) and activity (Fig. 3D) of the SSAO protein in the mouse brain and found that both increased following AVP injection (n = 8, P＜0.05). These data indicated that AVP increased the endogenous formaldehyde level by activating SSAO. Figure 1 , except that the 3-monthold C57 mice (n = 8) were intraperitoneally injected with formaldehyde (0.5 mg/kg, once daily) for 7 days, followed by measurements of their drinking frequencies (A), water quantities (B), and brain formaldehyde (C), serum AVP (D) and ANG II levels (E). The data are shown as the means  SE; *, P ＜ 0.05; **, P ＜ 0.01.
The animals' water intakes decreased following injection with formaldehyde
To investigate whether formaldehyde affected water intake, we intraperitoneally injected the mice with formaldehyde (0.5 mg/kg, once daily) for 7 days. Both the quantity and frequency of water intake were significantly (P ＜0.01) decreased after the mice (n = 8) were injected with formaldehyde (Fig. 4A, 4B) . A distinct increase in the brain formaldehyde level (P ＜ 0.05, Fig. 4C ) was be detected and was, which accompanied by an increase in the serum AVP level (P ＜ 0.05, Fig. 4D ). Further determinations revealed observable increases in body weight (P = 0.056) and the serum osmolality (P = 0.092; Supplementary Fig. 3A and 3B ). These data suggest that formaldehyde influences the water intake behaviors of mice by increasing the AVP levels.
ANG II is known to positively regulate both AVP and ALD [25] . Thus, we measured the concentration of ANG II after the mice were injected with formaldehyde. As illustrated in Fig. 4E , the administration of formaldehyde significantly increased the serum ANG II concentration (n=8, P＜0.05). As a result of the increased angiotensin levels, a significant increase in the serum ALD (P=0.03) was also detected (Supplementary Fig. 3C ). This result suggests that formaldehyde promotes AVP and ALD expression by increasing the serum ANG II level. (12:30) and before going to sleep (11:00 p.m.) to measure the formaldehyde levels (FA/Urc ratios). The changes in the uric formaldehyde concentrations were measured for the participants who drank water according to their own daily habits (A), those who were forbidden from drinking water (B) and those who drank water in prescribed quantities from 8:30 to 12:30 (C). Comparison of the formaldehyde concentrations between the water-deprived group and the group with a prescribed water quantity (D). The concentration of formaldehyde in the morning was set to 100%. The data are shown as the means ± SE; *, P ＜0.05; **, P ＜0.01.
To exclude the behavior observed after formaldehyde that resulted from more general effects, we performed an open field test. No significant differences were observed in the numbers of square crossings ( Supplementary Fig. 4A ) or the vertical frequency ( Supplementary Fig. 4B ); these findings indicate that locomotion was normal. Similar results were obtained for grooming ( Supplementary Fig. 4C ) and the time spent in the central square ( Supplementary Fig. 4D ), which indicates that the mice did not exhibit anxiety-like moods.
Changes in the endogenous formaldehyde levels and water intake
In the humans, we observed the changes in the uric formaldehyde concentrations to understand formaldehyde metabolism. During the trials, the participants' diets (n=20) were prescribed according to their body weights. The participants' demographic characteristics and daily actions were also monitored as described in the Materials and Methods.
To investigate the changes in the urine formaldehyde concentrations, an estimation of the daily water intakes of the participants was required. The daily water intake for Beijing residents averages 1,500 ml (1,679 ml for men and 1,370 ml for women) in addition to water intake from vegetables as reported by Zhang and colleagues [45] . As presented in Supplementary Table 5, the average water intakes of the participants in the morning, afternoon and evening were 375 ml, 358 ml and 333 ml, respectively. The average daily water intakes were 1,244 ml for males and 918 ml for the females during the trial.
First, we recorded the changes in the formaldehyde concentrations of the participants who drank water according to their own habits (Supplementary Table 5 ). Fig. 5A illustrates that the uric formaldehyde concentrations at noon were significantly decreased compared with those in the morning (P ＜ 0.05) and evening (P ＜0.05). The concentrations observed in the morning were greater than those observed at noon (P ＜ 0.05) and before sleep (P = 0.248). These findings indicate that endogenous formaldehyde accumulates in our bodies as we sleep.
To investigate whether water intake affects the concentrations of formaldehyde, the participants were deprived of water after breakfast (8:30 a.m.) until their urine samples had been collected before lunch (12:30 p.m.) (Fig. 5B) . The noon formaldehyde levels were increased to 7.45  0.725 M compared with the level of 6.59  0.283 M observed in the group whose water intake was prescribed according to the Chinese DRIs Handbook (P ＜ 0.01). The accumulation of formaldehyde at noon was not significantly different from the levels observed in the morning (P = 0.337) or evening (P = 0.086). Therefore, water deprivation leads to the accumulation of endogenous formaldehyde in our bodies.
To clarify whether water intake aid the elimination of endogenous formaldehyde, we regulated the participants' water intakes according to the recommendations of the Chinese DRIs Handbook [41] to observe the daily changes in their uric formaldehyde concentrations (Fig.  5C ). Similar changes in the formaldehyde concentrations were observed in the participants with regulated water intake and those with free access to water according to their own habits. The concentrations of formaldehyde in the morning (P = 0.985), at noon (P = 0.703) and in the evening (P = 0.993) in the regulated water intake group were not significantly different from those in the group with ad libitum water intake. However, the concentration of formaldehyde in the regulated water intake group was significantly different from that of the group that was subjected to water deprivation at noon (P ＜ 0.05, Fig. 5D ). Therefore, the endogenous formaldehyde concentration significantly decreased at approximately noon compared with the concentration in the morning when participants regularly drank water after breakfast. Good water intake habits are thus important and beneficial to the prevention of the accumulation of endogenous formaldehyde during the day.
Endogenous formaldehyde levels were significantly increased in the Alzheimer's patients As previously described [15] , endogenous formaldehyde concentrations increase with age (over 75 years old). Here, we recruited 62 AD patients and 69 normal participants (Supplementary Table 6 and 7) for this project. Morning urine samples were collected to measure the endogenous formaldehyde concentrations (Supplementary Table 8 ). The uric formaldehyde levels of the AD participants were significantly greater (P ＜ 0.01) than those of the normal participants ( Supplementary Fig. 5A ). Similar results were also observed when the uric formaldehyde concentrations of the male (P ＜0.05, Supplementary Fig.  5B ) and female AD patients were compared with those of the normal participants (P＜0.001, Supplementary Fig.  5C ). To differentiate the Alzheimer's patients from the normal aged participants, we selected 70-80 year-old participants and compared the urine formaldehyde concentrations between the patients and normal participants. Consistently, the data indicated the same trend when the age factor was excluded (Supplementary  Table 4b ). These data demonstrated that endogenous formaldehyde levels not only increased with aging (over 75 years old) but were also markedly increased in the AD patients.
DISCUSSION
Chronic dehydration is a common symptom observed in AD patients [4] . This study is the first to clarify the link between formaldehyde and animal water intake behavior. The mice exhibited decreased drinking frequencies and water intake quantities as they aged. Based on this evidence, increased formaldehyde levels are thought to be involved in the chronic dehydration of AD patients because endogenous formaldehyde levels are positively correlated with the severity of the cognitive impairments of AD patients in clinics [13, 46] . The endogenous formaldehyde concentrations of AD patients are much greater than those of age-matched elderly people [15] . According to Munoz and colleagues [47] , chronic dehydration is related to cognitive impairment; i.e., cognitive impairment causes patients to forget to drink water, which aggravates their dehydration. Thus, regular water intake should be recommended to eliminate the excess formaldehyde in the early stages of age-related cognitive impairment.
The dysmetabolism of formaldehyde and AVP may form a vicious cycle of chronic dehydration that results from decreased water intake ( Supplementary Fig. 6 ). This perspective is based on the following observations: 1) decreased water intake (in terms of both quantity and frequency) occurs as mice age and is followed by marked increases in the brain formaldehyde and serum AVP levels; 2) the endogenous formaldehyde concentrations in elderly people (over 75 years old) are significantly greater than those in younger people [46] ; 3) the endogenous formaldehyde concentrations in AD patients were much greater those in the normal controls; 4) the administration of formaldehyde decreased water intake (in terms of both quantity and frequency) by activating ANG II, which increased the serum AVP concentrations; 5) AVP injections suppressed water intake and increased brain formaldehyde levels by activating SSAO; 6) water deprivation for 3 days led to increased brain formaldehyde and AVP levels in the mice; and 7) endogenous formaldehyde concentrations are positively correlated with the severity of the cognitive impairments of AD patients [48, 49] , which suggests that high levels of formaldehyde cause these patients to forget to drink water, which in turn, aggravates their dehydration. Note that increased formaldehyde may act as a stressor that stimulates the hypothalamic-pituitary-adrenal (HPA) axis and elevates the levels of ANG II and AVP, and these elevations could affect the quantity and frequency of water intake in mice [50, 51] , particularly following the intraperitoneal injection of formaldehyde.
ANG II and AVP are known to be involved in water intake behaviors [52] . The endocrine system secretes ANG II and AVP, which play important roles in the modulation of neurohypophyseal secretions, ANG II production and thirst [53, 54, 55] . This study examined the correlations between water intake and changes in ANG II, AVP and formaldehyde. However, we did not perform functional experiments, for example, we did not use AVP antagonists to block the action of AVP and subsequently examine changes in FA in the mice. Such functional experiments and the identification of the receptors used by formaldehyde to increase the levels of ANG II and AVP should be investigated in future work. Adipocytes, vascular endothelial cells, and smooth muscle cells are rich in SSAO, which generates formaldehyde. SSAO is expressed and activated in response to oxidative stress [56, 57, 58] . According to Van Kempen and colleagues [59] , the administration of AVP to mice stimulates oxidative stress and causes hypertension, which increases the levels of SSAO. Endogenous formaldehyde levels are elevated through the deamination of methylamine, which is catalyzed by SSAO [60] .
The responses of the endocrine and autonomic control systems are triggered by central and peripheral osmoreceptors to stimulate thirst [53] . As mentioned above, although the injection of formaldehyde did not significantly elevate the serum osmotic pressure compared with the controls (P=0.092), an effect of increased osmotic pressure on water intake could not be excluded.
Furthermore, the administration of formaldehyde increased the serum ALD levels. Aldosterone plays a role in the regulation of blood pressure primarily via action on the distal tubules and collecting ducts of the nephron and increasing the reabsorption of ions and water in the kidney to conserve sodium, secrete potassium, increase water retention and increase the blood volume and pressure [61] . ALD also appears to affect the water intake behavior of mice, but the mechanism requires further clarification.
Formaldehyde is seriously toxic to human health and is particularly harmful to our central nervous system. To prevent the accumulation of endogenous formaldehyde in our bodies, we suggest that Chinese elderly people should establish regular water intake habits based on the instructions in the Chinese DRIs Handbook [41] . Specifically, elder people should drink a glass of water after they wake up in the morning. There are several reasons for our suggestion: 1) formaldehyde is continuously produced in our bodies [62, 63] ; 2) endogenous formaldehyde gradually accumulates as we age [24, 45] ; 3) As mentioned above, endogenous formaldehyde levels are greater in the morning than at noon and during the evening; 4) water deprivation led to the accumulation of endogenous formaldehyde in the participants' bodies until they drank water; 5) formaldehyde is easily dissolved in water, and its removal from the blood depends upon renal function [64] ; and 6) patients with Alzheimer's disease exhibit high concentrations of endogenous formaldehyde.
Based on the instructions of the China Nutrition Association [41] , in addition to water from food, adequate water intake for Chinese adults is 1.7 L/day for males and 1.5 L/day for females. It is suggested that healthy adults (400-500 ml for males and 350-400 ml for females) should drink warm boiled water, mineral water or green tea (according to one's preference) after they wake up before breakfast because the concentration of endogenous formaldehyde peaks in the morning. Formaldehyde dissolves well in water. Drinking water aids our elimination of endogenous formaldehyde through the kidneys. The remaining water (1,000-1,200 ml) can be consumed during the day and evening according to one's own habits. Regular water intake contributes to the elimination of endogenous formaldehyde and other harmful metabolic products.
In conclusion, chronic dehydration in elderly people and AD patients may result from their diminished perception of thirst and memory loss. Dehydration decreases the body's ability to eliminate metabolic products and results in the accumulation of cytotoxic compounds, including endogenous formaldehyde, which not only affects water intake behavior but also cognitive function. The interaction between dehydration and cognitive impairment creates a vicious cycle. However, regular water intake can reduce the accumulation of formaldehyde, particularly when it is consumed in the morning. Daily food consumption was based on the participant's own habit and the instruction of the Chinese DRIs Handbook [41] , to prevent someone from too hungry or over intake.
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Supplementary Figure 1 . Changes in the body weights and serum osmolality of the water-deprived mice. The brain formaldehyde concentrations (A) were significantly increased, and the average body weights (B) were significantly decreased following water deprivation for 3 days. The data were shown as the means ± SE; *, P ＜ 0.05; **, P ＜ 0.01
Supplementary Figure 2 . Changes in the body weights and serum osmolality of mice at different ages. The animals' body weights increased as they aged (A), but there were no significant changes in their serum osmolality levels (B) under the rearing conditions. The data are shown as the means ± SE; *, P＜0.05; **, P＜0.01.
Supplementary Figure 3 . Changes in the body weights, serum osmolality and ALD levels in mice injected with formaldehyde. The conditions were the same as Figure 4 , except that the body weights (A), serum osmolality (B) and ALD levels (C) were detected as described in the Materials and Methods. The data are shown as the means  SE; *, P ＜ 0.05. Figure 5 . Uric formaldehyde concentrations in the Alzheimer's patients and normal elderly participants. The conditions are described in Supplementary Tables 5 and 6 , and the formaldehyde levels were determined as described in the Materials and Methods. The formaldehyde concentrations were compared between (A) the AD (n = 62) and normal (n = 69) participants; (B) the male AD (n = 22) and normal (n = 29) participants and (C) the female AD (n = 40) and control participants (n = 40). The data are shown as the means ± SD; *, P＜0.05; **, P＜0.01; ***, P＜0.001.
Supplementary Figure 6 . A putative vicious cycle between dysmetabolism of formaldehyde and AVP in decreased water intake. The cycle may occur when either formaldehyde or AVP abnormally increases.
